Spatial heterogeneity poses a major challenge for the appropriate interpretation of eddy covariance data. The quantification of footprint climatology is fundamental to improving our understanding of carbon budgets, assessing the quality of eddy covariance data, and upscaling the representativeness of a tower flux to regional or global scales. In this study, we elucidated the seasonal variation of flux footprint climatologies and the major factors that influence them using the analytical FSAM (Flux Source Area Model), KM (Kormann and Meixner, 2001), and H (Hsieh et al., 2000) models based on eddy covariance measurements at two and three times the canopy height at the Qianyanzhou site of ChinaFLUX in 2003. The differences in footprints among the three models resulted from different underlying theories used to construct the models. A comparison demonstrated that atmospheric stability was the main factor leading to differences among the three models. In neutral and stable conditions, the KM and FSAM values agreed with each other, but they were both lower than the H values. In unstable conditions, the agreement among the three models for rough surfaces was better than that for smooth surfaces, and the models showed greater agreement for a low measurement height than for a high measurement height. The seasonal flux footprint climatologies were asymmetrically distributed around the tower and corresponded well to the prevailing wind direction, which was north-northwest in winter and south-southeast in summer. The average sizes of the 90% flux footprint climatologies were 0.36-0.74 and 1.5-3.2 km 2 at altitudes of two and three times the canopy height, respectively. The average sizes were ranked by season as follows: spring > summer > winter > autumn. The footprint climatology depended more on atmospheric stability on daily scale than on seasonal scale, and it increased with the increasing standard deviation of the lateral wind fluctuations. 
Introduction
Spatial heterogeneity poses a major challenge for the appropriate interpretation of eddy covariance (EC) data (Baldocchi, 2008; Kljun, 2010a; Biermann et al., 2011; Leclerc et al., 2014) . Flux footprint climatology is a practical method to illustrate the portion of the sampled landscape that contributes the most to EC vertical turbulent flux at a given point over long-term periods (Amiro, 1998; Kljun, 2010a; Cai et al., 2011; Aubinet et al., 2012; Zhang et al., 2012) . This method is used to understand carbon budgets, assess the quality of EC data, and upscale the representativeness of a tower flux to regional or global scales (Rebmann et al., 2005; Göckede et al., 2008; Chen et al., 2012) .
Flux footprint climatology, which is the long-term pattern of the flux footprint (Chen et al., 2009) , provides a quantitative estimate of changes in the spatial representativeness of EC over time (Allen et al., 2011; Chen et al., 2011 Chen et al., , 2012 . It is important to study whether the factors affecting flux footprint climatology are the same as those affecting the flux footprint itself, such as wind direction, atmospheric stability, surface roughness length, and measurement height (Aubinet et al., 2012) . It is not clear whether atmospheric stability, a parameter that fluctuates daily, strongly affects flux footprint climatology on monthly or seasonal scales. In addition, quantitative analysis to determine how much the size of the flux footprint climatology increases with measurement height is also necessary. Because trees grow taller over time, EC measurements are performed progressively closer to the canopy, which can impact the footprint climatology of flux measurements. Analytical models are often used for estimating flux footprints due to their ease of coding compared with the Lagrangian stochastic models (Leclerc and Thurtell, 1990; Kljun, 2010b) , large eddy simulations (Cai et al., 2010) , and closure models (Sogachev and Lloyd, 2004) . Currently, analytical models such as the FSAM (Flux Source Area Model) developed by Schmid (1994) , the KM model by Kormann and Meixner (2001) , and the H model by Hsieh et al. (2000) , are widely adopted. However, the strength, weakness, and applicability of each model have not been fully demonstrated. How the three models differ with variations in measurement height, surface roughness length, and atmospheric stability needs to be assessed.
The objective of this study is to elucidate the seasonal variation of flux footprint climatologies and the major factors that influence them by using the analytical FSAM, KM, and H models based on eddy covariance measurements at two and three times the canopy height at the Qianyanzhou site of ChinaFLUX. ChinaFLUX is an observation and research network that uses eddy covariance and chamber methods to measure the exchanges of carbon dioxide, water vapor, and energy between the terrestrial ecosystem and the atmosphere in China . A comparison of the three models will be performed to evaluate their differences with changes in measurement height, surface roughness length, and atmospheric stability. Then, the three analytical footprint models are used to reveal the seasonal variations of the flux footprint climatologies. Finally, the major factors influencing the sizes of the flux footprint climatologies over the Qianyanzhou site are investigated.
The paper is organized as follows. Materials and methods are described in Section 2. Comparison of the three flux footprint models and the simulated seasonal variations of the flux footprint climatologies are presented in Section 3. Effects of atmospheric stability, wind fluctuations, and measurement height on the flux footprint climatology are discussed in Section 4. A summary and conclusions are given in Section 5.
Materials and methods

Site description
The Qianyanzhou (QYZ) flux site (26
• 44 52 N,
115
• 03 47 E) has been described in the previous studies such as Wen et al. (2006 Wen et al. ( , 2010 and . This site is featured with a coniferous plantation forest in the subtropical continental monsoon region of China. (model CSAT3, Campbell Scientific Inc., Logan, Utah) . The signals of these instruments were recorded at 10 Hz by CR5000 data loggers (model CR5000, Campbell Scientific Inc., Logan, Utah) and block-averaged over 30 min for analysis and archiving.
The eddy dataset was subject to a series of data quality control steps (Wen et al., 2010; Tang et al., 2014a, b) . First, spurious data were detected in the datasets related to rainfall, water condensation, system failure, and insufficient turbulent mixing during the night. Second, planar fit rotation was applied, at monthly data intervals, to remove the effect of instrument tilt or irregularity on the airflow (Wilczak et al., 2001 ). Third, a Webb, Pearman & Leuning (WPL) correction was applied for removing the effect of fluctuation in air density on the fluxes of CO 2 and water vapor (Webb et al., 1980; Leuning, 2005) . Finally, to avoid possible underestimation of flux during stable conditions at night, the values of net ecosystem productivity (NEP) and evapotranspiration (ET) were excluded when the value of friction velocity, u * , was less than 0.17 m s −1 .
Flux footprint models
Generally, the total flux footprint, f (x, y, z m ) (m −2 ), is defined as the product of the crosswind-
where the field of f (x, y, z m ) projected onto an x-y plane is called a source area. In practice, however, it is often desirable to obtain an estimate of the source area that is responsible for a given contribution, P , to the value of the measurement. Therefore, for the contribution P , the source area is Ω P (Schmid, 1994) . In this study, to evaluate the agreement of the FSAM, KM, and H analytical models, the results for the 90% source area (P = 90%) estimated by these three models are compared. A brief review of f y in the FSAM, KM, and H models is provided in the following section.
The FSAM model
The f y of the FSAM model is based on the twodimensional advection-diffusion equation and considers realistic velocity profiles and their atmospheric stability (Schmid, 1994) . The final function is
where
a gamma function, r is a shape factor (calculation of r was described by Horst and Weil (1992) ),z is the mean plume height for dispersion, U is the effective speed of plume advection, dz dx is the gradient ofz with x, z m is measurement height, and u is the mean wind speed profile.
The KM model
The f y of the KM model takes into account atmospheric stability and uses the power law profile to calculate the vertical profile of the eddy diffusivity, K(z), and vertical profile of the wind speed, u(z) (Kormann and Meixner, 2001) . The final function is
where is a constant in the turbulent diffusion power law profile, and r is a shape factor (where r = m + 2 − n, and m and n are indexes of the wind speed and turbulent diffusion power law profiles, respectively).
The H model
The f y of the H model uses two similarity constants, D and Q, to reflect atmospheric stability (Hsieh et al., 2000) , according to the Gash (1986) footprint model for neutral atmospheric conditions. The final function is
where L is Monin-Obukhov length, K = 0.4 is von Karman's constant, e = 2.718, and z u is a length scale that combines z m and z 0 , i.e.,
The two similarity constants, D and Q, are Table 1 shows the initial parameters of the flux footprint for comparison of the three flux footprint models. The two measurement heights (z m ) are 23.6 and 39.6 m. The measurement height should ensure that the EC is high enough to view the whole study area of interest. The surface distance over which wind has blown is termed fetch, and a rule of thumb, i.e., the ratio of measurement height and fetch equals 1:100, is generally used. The two surface roughness lengths (z 0 ) are 0.06 and 0.58 m. The MoninObukhov length, L, is -158 m for unstable conditions, 165 m for stable conditions, and 14048 m for neutral conditions. Near-neutral conditions are specified for |(z m − d)/L| < 0.01 according to Hsieh et al. (2000) . The source area footprint results from the three models are compared. The variables a (near the end of the source area), i (the far end of the source area), j (the maximum lateral half-width of the source area), and Ar (the source area) are the characteristic dimensions of the source area. For the three models, the sensitivity agreement of the source area to (a) measurement height, (b) surface roughness, and (c) atmospheric condition can be assessed through comparing the four characteristic dimensions. The FSAM has been widely adopted but only applied during neutral and moderate atmospheric stability and with a limited range of crosswind turbulence intensity (Schmid, 2002; Vesala et al., 2008) . Therefore, the FSAM results are used as a reference and compared with the other two models.
Parameterization
Therefore, (z m −d)/L < −L (m) zm (m) z 0 (m) u * (m s −1 ) σv (m s −1 )
Flux footprint climatology
To obtain the flux footprint climatology, the three analytical flux footprint models were run at a 30-min time step, and the data were accumulated to yield seasonal values for each pixel (x, y, z m -z 0 ) separately. The accumulated values of each pixel were normalized by the cumulative seasonal values of the area of interest Ω P to yield the flux footprint climatology (Chen et al., 2009) 
where i is the time step (i.e., 30 min), N is the total number of 30-min periods within a season, and Ω P is the area of interest which gives a contribution, P , to the measurement. In implementation of the models, values for γ(x, y, z m -z 0 ) were sorted in a descending order and accumulated from largest to smallest until a given fraction, P , was achieved. Finally, P -level profiles were produced. The calculated flux footprint climatology provides a map of the area around the tower that has contributed to the EC-measured flux. Figure 1 illustrates the 90% source areas predicted by the FSAM, KM, and H models at different measurement heights, surface roughness values, and atmospheric conditions. Table 2 shows the values of a, i, j, and Ar of the 90% source area as predicted by the three models at different measurement heights, surface roughness values, and atmospheric conditions. Figure  1 and Table 2 indicate that atmospheric stability is the main factor that has led to differences among the three models. In neutral and stable conditions, the KM results agree well with the FSAM results. The discrepancies in Ar between KM and FSAM are less than 3%. However, the H results are larger than the FSAM results. In neutral conditions, the discrepancies in Ar between H and FSAM are 4%-11%; whereas in stable conditions, the discrepancies increase to 18%-26%. When the measurement height is 23.6 m with a smooth surface, the discrepancies in Ar between H and FSAM are lowest in neutral conditions and highest in stable conditions.
Results
Comparison of the three flux footprint models
Differences among the three models
In unstable conditions, the agreement between the three models is better for a rough surface than for a smooth surface (Fig. 1 and Table 2 ). Additionally, the agreement between the three models for the lower measurement height is better than for the upper measurement height. For smooth surfaces, the Ar magnitude follows the order: KM > FSAM > H; however, for rough surfaces, the order changes to KM > H > FSAM. When the measurement height increases to 39.6 m, the magnitude of results across the three models does not change. Thus, among the models, the differences due to roughness length are larger than those due to measurement height. 3.1.2 Reasons for the differences among the three models The footprint differences among the three models originate from the different underlying theories used to construct each model. The FSAM and KM models are theoretical models, whereas the H model is an empirical model. Thus, in Table 3 , the FSAM and KM Table 3 . The parameterization methods for the mean plume height for dispersion (z), effective speed of plume advection (U ), gradient ofz with x dz dx , and shape factor (r) adopted in the FSAM and KM models
r r is variable r is constant -a*:z must be calculated numerically (Horst and Weil, 1992) . b*: K = 0.4 is von Karman's constant; p = 1.55 is also a constant, and ψ(pz/L) and φ c(pz/L) are the diabatic integrations of the wind profile and stability function of heat. The specific calculations of ψ(pz/L) and φ c(pz/L) were described by Horst and Weil (1992) . Note: a and b are the constants of power laws for the eddy diffusivity and the vertical profile of the horizontal wind velocity, respectively (Kormann and Meixner, 2001 ). The H model, which is empirical, does not use these parameters. models have the same parameters, but these are not shared by the H model. The FSAM and KM models are based on a two-dimensional advection-diffusion equation, or K-theory (Schmid, 2002; Foken, 2008; Vesala et al., 2008) , whereas the H model uses regression analysis to obtain three sets of empirical constants for D and Q in unstable, neutral, and stable conditions (Eq. (6)) and forms a footprint model for thermally-stratified atmospheric flows (Hsieh et al., 2000) . Therefore, in the present study, when atmospheric stability changes, changes in the H model are larger than those in the other two models.
The discrepancy between FSAM and KM is caused by the same parameter being calculated by different methods (Horst and Weil, 1992; Schmid, 1994; Kormann and Meixner, 2001) . Table 3 shows the pa-rameterization methods of the FSAM and KM models. Monin-Obukhov similarity profiles are used in the FSAM model, and power law profiles are used in the KM model. Figure 2 illustrates the differences in the mean plume height for dispersion (z), effective speed of plume advection (U ), gradient ofz with x dz dx , and shape factor (r) between the FSAM and KM models in neutral conditions when measurement height is 23.6 m and roughness length is 0.58 m. Ifz, U, dz dx , and r were the same for FSAM and KM, then the results of FSAM and KM would be equal (i.e., Eq. (2) is equivalent to Eq. (3)), while r is constant in the KM model but variable in FSAM. Differences in the other three parameters between the two models increase with the increasing upwind distance.
Because the KM results agree well with the FSAM results in stable conditions (Fig. 1) , the KM and FSAM models can be used equally at night (i.e., under stable atmospheric conditions). It is considered that the H model should not be used immediately before and after dusk (dawn) when atmospheric stability changes because this causes the H results to change more significantly than the other two models (Fig. 1) .
The discrepancies among the three models could be neglected if the dimension of the study area is sufficiently large.
Based on previous studies, the strength, weakness, and applicability of the three models are reviewed in Table 4 . The full version of FSAM is available on the website http://www.indiana.edu/∼climate /SAM/SAM − FSAM.html, but some parameters, such asz, must be calculated numerically (Horst and Weil, 1992) . Therefore, although the FSAM model is expressed by analytical formulae, it can only be evaluated numerically (Schmid, 2002) . The KM and H models provide analytical solutions because of their mathematical simplicity (Foken, 2008) . The KM model generally overestimates wind velocity near the ground, especially for unstable conditions and large roughness values (Kormann and Meixner, 2001) ; while, in the present study, a change in atmospheric stability caused the H results to change in an inconsistent manner (Fig. 1) . The FSAM and KM models are restricted to surface layer scaling conditions due to the Gaussian distribution in the crosswind direction; whereas the H model is applicable to short-term changes in atmospheric stability. (Schmid, 1994) Some parameters (e.g.,z) must be calculated numerically.
The model can only be evaluated numerically (Horst and Weil, 1992) FSAM is restricted to surface layer scaling conditions due to the Gaussian distribution assumption in the crosswind direction (Schmid, 2002) KM Mathematically simple, with analytical solutions (Schmid, 2002) KM generally overestimates the wind velocity near the ground, especially for unstable conditions and large roughness. Similarly, it overestimates the eddy diffusivity for stable conditions (Kormann and Meixner, 2001) KM is restricted to surface layer scaling conditions due to the Gaussian distribution assumption in the crosswind direction (Schmid, 2002) H Mathematically simple, with analytical solutions (Schmid, 2002) When atmospheric stability changes, the H results obviously change in an inconsistent manner, as found by this study
The H model applies to conditions where changes in atmospheric stability is not highly frequent, as revealed by this study
The conclusions presented in Table 4 are also validated by this study. For example, when atmospheric conditions changed from unstable to stable, the area given by the H model increased by more than double (much more than for the FSAM or KM models) (Fig.  1 ). When L < 0, the size given by the KM model was the largest of the three models (Fig. 1) . This could be explained by the weakness of the KM model. For example, the KM model overestimated wind velocity near the ground, especially for unstable conditions. Because the wind velocity (u(z)) was overestimated, the effective speed of plume advection (U ) could also have been overestimated (U = u(z)/z m ) (Kormann and Meixner, 2001 ) and the EC sensor could access the further source according to the inverted plume assumption (Schmid, 2002) . In this scenario, the area of the footprint would be overestimated. Figure 3 illustrates the seasonal variations of the flux footprint climatology as predicted by the three models for receptor locations at two and three times the canopy height. For clarity, the corresponding wind directions are also shown. There are similar seasonal patterns in the flux footprint climatologies assessed by the three models.
Seasonal variations of the flux footprint climatology
The seasonal flux footprint climatologies are distributed asymmetrically around the tower and correspond well to the prevailing wind direction. In 2003, the 90% flux footprint climatologies of the three models at 23.6 m were 27%-29% from the north-northwest part of the receptor and 26%-28% from the southsoutheast part of the receptor. In summer, the flux footprint climatology in the south-southeast region increased to 51%. In autumn, the main distribution of the flux footprint climatology returned to the northnorthwest where 38%-52% contributed to the receptor. In winter, a 33%-50% contribution also originated from the north-northwest. The distributions of the flux footprint climatologies at 39.6 m were similar to those at 23.6 m. From spring to winter, the contribution of the north-northwest part at 39.6 m was 5% less than that at 23.6 m, but the contribution of the south-southeast part did not significantly change.
The average sizes of the 90% flux footprint climatologies of the three models in 2003 for the receptor at 23.6 m were 0.61-0.74 km 2 in spring, 0.45-0.67 km 2 in summer, 0.38-0.42 km 2 in autumn, and 0.36-0.69 km 2 in winter. The seasonal average sizes followed the order: spring > summer > winter > autumn, whereas the seasonal changes in the sizes followed the order: 
Discussion
Effect of atmospheric stability on flux footprint climatology
Footprint climatologies depend on atmospheric stability on a daily scale. For example, Chen et al. (2008) revealed that the flux footprint area in the daytime was smaller than that at nighttime because more unstable conditions occur during daytime and more stable conditions occur at night. During stable conditions, the measurements can be affected by turbulence characteristics of the vertical wind velocity from further upwind (Göckede et al., 2006; Foken, 2008) .
However, footprint climatologies less clearly depend on atmospheric stability on a seasonal scale. (1), the crosswind dispersion, D y , is generally assumed to be Gaussian (Horst and Weil, 1992) ,
where σ y = σ v x U and σ v is the standard deviation of the lateral wind fluctuation. A multiplying σ v value, i.e., a crosswind dispersion increase, can lead to an increase in the maximum lateral half-width of the source area (j). Thus, the flux footprint climatology also increases. This also explains why the footprint climatology calculated by Chen et al. (2010) using the KM model for the same site in 2004 was smaller than that found in winter but similar to that found in summer in the present study. In addition, the average standard deviation of the lateral wind fluctuations in the winter 
Effect of measurement height on flux footprint climatology
The results in this study showed that the size of the flux footprint climatology could be increased by three-fold when the measurement height increased to twice the canopy height (Fig. 3) . The majority of current footprint models rely, either implicitly or explicitly, on the inverted plume assumption (Schmid, 2002) . The mean plume height (z) and the effective speed of plume advection (U ) which are characteristic parameters of plumes, depend on the measurement height according to the equations in Table 3 (Horst and Weil, 1992) . Figure 5 illustrates the effect of measurement height onz and U . Variablesz and U were the results of the FSAM model for an unstable condition. When the measurement height increased, the mean plume height,z, also increased and the effective speed of the plume advection, U , decreased; therefore, turbulence may have been received from a more distant source area (Aubinet et al., 2012) . Therefore, the EC sensors should be high enough to access the environment through, and above, the main plant canopy of interest (Aubinet et al., 2012) .
Conclusions
In this study, we elucidated the seasonal variations of flux footprint climatologies and the major factors that influence them using the analytical FSAM, KM, and H models based on eddy covariance measurements at two and three times the canopy height at the Qianyanzhou site of ChinaFLUX.
A comparison of the three analytical models demonstrated that atmospheric stability was the main factor that led to differences among the three models on a daily scale. In neutral and stable conditions, the KM results agreed well with the FSAM results, whereas the H results were larger than the KM and FSAM results. In unstable conditions, the agreement among the three models for rough surfaces was better than that for smooth surfaces. Further, the lower measurement height (23.6 m) produced better agreement than the upper measurement height (39.6 m). The differences due to roughness length were larger than those due to measurement height. The differences in footprints among the three models were caused by the different underlying theories used to construct each model. The FSAM and KM models are theoretical 
models, whereas the H model is empirical.
The FSAM model is available online, but some parameters, such asz, must be calculated numerically. The KM and H models provide analytical solutions because of their mathematical simplicity. The KM model generally overestimates wind velocity near the ground, especially for unstable conditions and large roughness values. When atmospheric stability varies, the H results change in an inconsistent manner. Because the FSAM and KM models both assume Gaussian distributions in the crosswind direction, and all the parameters of the two models are expressed for surface layer, these models are restricted to surface layer scaling conditions. The present study reveals that the H model is applicable to low-frequency changes in atmospheric stability.
This study found that the seasonal flux footprint climatologies were distributed asymmetrically around the observation tower and corresponded well to the prevailing wind direction. The predominant distributions were north-northwest in winter and southsoutheast in summer. The average sizes of the 90% flux footprint climatologies were 0.36-0.74 and 1.5-3.2 km 2 at two and three times the canopy height, respectively. The seasonal average sizes followed the order: spring > summer > winter > autumn. The footprint climatologies clearly depended on the atmospheric stability on daily scale, but less clearly on seasonal scale. This was because atmospheric stability is only variable for a short time, and its influence on footprint climatologies is weaker for continuous observations over long periods. The size of the flux footprint climatology increased as the standard deviation of the lateral wind fluctuations increased and, therefore, crosswind dispersion increased. The flux footprint climatology increased three-fold when the measurement height increased to twice the canopy height.
